Transparent conductive oxides are used in many technologies and it is important to understand their interfacial chemical reactions. Here, we use recently developed thermomechanical cleaving and X-ray photoelectron spectroscopy to probe oxidation states at the SnO2 interface of CdTe solar cells. We show that tin oxide promotes the formation of nanometerscale oxides of tellurium and sulfur, largely during CdCl2/O2 activation. Surprisingly, in copper-doped devices, relatively low temperature anneals (180-260 °C) to diffuse and activate copper acceptors also cause significant oxidation changes at the front interface, providing a heretofore missing aspect of how back contact processes can modify device transport, recombination, and performance. For Group V-doped devices, this same oxidation process causes segregation of the dopants to the SnO2 interface in their oxidized states, implying that adjacent regions in the absorber have been depleted of dopants. Intriguingly, we demonstrate that because of their layered, van der Walls-bonded crystal structure, spatially segregated Group V oxides may represent a mechanically weak layer in a finished device.
I. INTRODUCTION
Recent advances in CdTe-based solar cells have put them on the vanguard of photovoltaic technology, competing even with single crystal silicon, a material that has benefited from decades more development effort. A standard superstrate CdTe cell architecture is usually described simply as a stack of the following discrete layers: glass/SnO2:F/SnO2 /CdS:O/CdTe/metal, but in fact recent studies indicate that the processes create a more complex structure including previously unobserved nanolayers that continue to yield surprises and questions regarding function.
Although there are numerous studies on chemical transformations at free or exposed surfaces of CdTe and related materials, there currently are very few studies on chemical states at the front of superstrate cells due to the difficulty of accessing and studying this nanoscale region. Exceptions include two earlier studies that used lift-off methods to expose interfaces near the SnO2 front electrode. Pookpanratana and coworkers used a purely mechanical liftoff process that appeared to cause cleavage between the CdTe and CdS layers. [1] Albin et al also used a purely mechanical process to separate and analyze CdTe interfaces, finding laterally non-uniform cleavages occurring both at the SnO2-CdS interface and at the CdS-CdTe interface. [2] In this work however we make use of a previously described [3] - [6] thermomechanical cleaving process that cleanly exposes only the transparent conducting oxide (TCO)-emitter interface, and unlike previous lift-off/analysis experiments, we demonstrate conditions that preserve the exposed surfaces. This thermomechanical cleaving sample preparation method is important because the halide and chalcogenide materials in this part of the cell are difficult to probe as they exist within a device: exposure to atmosphere, ion beams, and mechanical polishing usually causes loss of the chemical information that is initially present.
II. EXPERIMENTAL
CdTe devices were grown in the superstrate configuration on Schott AF45 glass. The glass was coated with a SnO2:F/SnO2 TCO bilayer by chemical vapor deposition. CdS and CdS:O emitters 100-nm thick were deposited by radio frequency magnetron sputtering in either pure argon or an oxygen/argon ambient. CdTe (4 µm) was deposited by closespaced sublimation (CSS) with the substrate held at 600 ˚C in an oxygen/helium ambient. CSS was also used to perform a vapor-phase CdCl2 anneal in an oxygen/helium ambient with the substrate held at 415 ˚C. Copper dopant was then introduced by soaking the device briefly at room temperature in a 0.1 mM CuCl2 solution. This dopant was activated by annealing in air at temperatures between 180 ˚C and 260 ˚C. For completed devices, a gold back contact (100 nm) was then thermally evaporated onto the device stack. Arsenic-doped, CdCl2-activated test structures were obtained from First Solar. Antimony-doped devices were obtained from IEC. Solar cells and test film stacks were cleaved using a liquid nitrogen thermomechanical technique described previously in an argon-filled glove-box that is physically connected to a suite of surface analytical tools which allows examination of both sides of cleaved devices without air exposure. XPS measurements were made using monochromatic Al Kα radiation and a pass energy of 29 eV. Data analysis and peak fitting were performed using a combination of Igor and PHI MultiPak. Figure 1 illustrates the oxidation state dependence of tellurium and sulfur on substrate and CdCl2 processing and is comprised of representative Te 3d5/2 and S 2s XPS spectra of four different types of CdTe-containing film stacks, three of which were CdTe devices with the fourth one being a CdTe film grown directly on glass. The topmost (black dotted) trace in Figure 1a and 1b are XPS data from the SnO2 side of a cleaved CdTe solar cell that was made using a CdS emitter. Spectra from the opposite CdS side of these same cleaved devices are the solid black traces second from the top in both graphs. Note that the absolute amounts of tellurium and sulfur on the SnO2 side of the interface are smaller than on the emitter side and that these spectra are normalized in intensity such that a comparison of oxidation states is possible. Comparison of the relative amounts of oxidized chalcogens on each side of the cleave (black dotted versus solid) shows a strikingly large difference in the extent of oxidation: the thin (< 1 nm) layer of material remaining on the SnO2 side is heavily oxidized, while material only a bond length away is much less so, with the tellurium showing a greater extent of oxidation than sulfur.
III. RESULTS AND DISCUSSION
Although varying somewhat with processing, this general trend of heavy oxidation of tellurium and sulfur right at the SnO2 interface was consistent for all the devices in this study. It is clear from the comparison of XPS spectra taken on both sides of cleaved devices (Figures 3, 5) that there is an atomically sharp gradient in the oxidation of sulfur and tellurium at the SnO2 interface. A reasonable question to ask is: what causes oxidation of these species? The mere fact that oxidation appears to take place adjacent to the SnO2 suggests one answer: the tin oxide itself acts as the oxidant or as an oxidation catalyst.
We note that tin oxide is used commercially as an oxidation catalyst. [7] Figure 3 shows data from a second set of devices made using an oxygenated CdS:O emitter. Interestingly, the amount of oxidized tellurium found in this CdS:O-based device was essentially the same as in devices made with pure CdS, indicating that tellurium does not become oxidized as a result of diffusing through oxygencontaining CdS:O. As expected, the amount of oxidized sulfur found in CdS:O-based devices was substantially increased relative to the plain CdS emitter (blue versus black solid trace in Figure 1b ). The percentage of oxidized tellurium decreased in devices without standard CdCl2 treatment (yellow versus blue traces in Fig. 1a ), indicating that some Te oxidation takes place during absorber growth but that most occurs during CdCl2/O2 treatment. To test our hypothesis that SnO2 is responsible for catalytic oxidation of Te and S, we grew CdTe films directly on mechanically roughened AF 45 glass. The bottom trace (green)of Fig. 1b shows a Te 3d5/2 spectrum taken from a film of CdTe grown directly on AF45 glass. The asgrown film was subjected to a standard oxygenated CdCl2 treatment and delaminated from the glass substrate using liquid nitrogen as was done with standard devices. Despite oxygen being present during both CdTe growth and postgrowth CdCl2 treatment, the tellurium at the glass-CdTe interface in this sample has an almost undetectable amount of oxidized tellurium.
In an earlier publication we demonstrated an example of a post-growth process that causes changes at the front of CdTe solar cells. [3] After observing that varying the anneal temperatures used to activate copper dopants caused had profound effects on device parameters (Figure 2) , we decided to probe the chemistry of the SnO2 interface with XPS. Using the same LN2-cleaving process, and taking into account the species on both sides of each cleaved device, we plotted the normalized extent of oxidation versus Cu-activation temperature (Figure 3 ). Interestingly, these relatively low temperature processes cause additional changes in the extent of both sulfur and tellurium oxidation. Furthermore, the best devices are those in which the extent of chalcogen oxidation is maximized. The reasons for this correlation are currently unclear. It is possible that oxygen and a halogen (chlorine) work together to generate a well-passivated front interface similar to cases observed previously. [8] It is possible too that the thin oxide layer functions as a high resistance transparent (HRT) layer, preventing direct contact between the SnO2 and hole-conducting channels. [9] Group V doped devices were also analyzed by the LN2cleaving method. Figure 4 shows that with this class of dopants in CdTe, catalytic oxidation by the front contact can have another consequence: segregation of dopants to the SnO2 interface. Figure 4a shows arsenic 2p3/2 spectra of both sides of a LN2-cleaved arsenic-doped device. Comparison of the spectra to GaAs standards indicates that arsenic in CdTe:As devices is detected only in the 3+ oxidation state as would be expected in As2O3. The top two traces of Figure 4a also demonstrates that arsenic is segregated to the SnO2 TCO. Two antimony-doped devices were also cleaved and examined with XPS. The Sb 3d3/2 spectra in Figure 4b show that there are some similarities to the arsenic-doped case. As evidenced by the relative amounts of antimony on the SnO2 and absorber sides of cleaved samples, the Group V dopant again is segregated to the SnO2 interface. One difference from the case of arsenic is that antimony exhibits two different oxidation states: the low binding energy peak near 538 eV is close to reference values for Sb 3and Sb 0 and appears to be a mixture of the two chemical states. The peaks 2.6 eV higher in binding energy near 541 eV are between the energies observed for Sb 3+ and Sb 4+ . [10] For both As and Sb, it appears that processing conditions can be found such that oxidative segregation is minimized. In addition, device results not presented here suggest that these segregated oxides do not necessarily cause poor device efficiencies despite their presence in a critical region of the cell. A phenomenon perhaps connected to this is the fact that Group V-doped devices that have segregated oxides do cleave qualitatively easier than those that are copper doped. Similar to the CdCl2 that allows thermomechanical cleavage at the FTO-chalcogenide interface, Group V oxides such as As2O3 and Sb2O3 typically form layered, van der Waals compounds. [11] , [12] Other Group V oxides exist in lower dimensional (1D, 0D) structures. All these compounds can form abrupt interfaces that do not have energetically deep dangling bond states that act as efficient recombination centers, i.e. can form interfaces that are naturally chemically passivated. In the CdTe:Group V devices that we have examined, one can postulate an interface structure that involves a progression from a layer of Group V-doped to an interface layer of Group V-oxide such that dangling bonds at the CdTe interface are minimized. Such a structure is consistent with our XPS-based chemical analysis, the relative insensitivity of device performance to the presence of segregated Group V oxides, and our observation that Group V-doped devices tend to undergo thermomechanical cleavage easier than copper-doped devices. On the latter point, we are currently attempting to adapt adhesion force measurements originally used in module reliability studies [13] in order to quantify the ease with which copper and Group V-doped devices undergo thermomechanical cleavage. Overall, our work suggests that understanding and tailoring the chemical properties of the front interface buffer layers in CdTe solar cells, particularly those utilizing Group V doping, provides a path towards further increases in CdTe device efficiency and lower cost PV power. Figure 4 . XPS spectra of LN2-cleaved Group V-doped devices and of reference materials.
IV. CONCLUSIONS
SnO2 causes catalytic oxidation of several different elements comprising CdTe-based solar cells. A nanometer scale-thick layer of Te and S oxides immediately adjacent to the SnO2 TCO has maximum thickness at processing conditions that also produce devices with maximum efficiency and Voc. Low temperature anneals used to activate copper dopant were shown to cause changes to the front of cells, providing a heretofore missing aspect of how back contact processes can modify device transport, recombination, and performance. SnO2 catalytic oxidation causes the segregation of Sb2O5 and As2O3 in devices that use these dopants, and we observe an unusual connection of this phenomena to mechanical weakness at the SnO2 interface V. Acknowledgments 
